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We  have  developed  a  1  kW  class  solid  oxide  fuel  cell  (SOFC)  stack  composed  of  50  anode-supported  planar 
120-mm-diameter  SOFCs.  Intermediate  plates,  which  exhibited  negligible  deformation  under  operating 
conditions,  were  placed  in  the  stack  to  cancel  out  the  cumulative  error  related  to  the  position  and  angle  of 
the  stack  parts.  The  stack  provided  an  electrical  conversion  efficiency  of  54%  (based  on  the  lower  heating 
value  (LHV)  of  the  methane  used  as  a  fuel)  and  an  output  of  1120  W  when  the  fuel  utilization,  current 
density,  and  operating  temperature  were  67%,  0.28  A  cm-2,  and  1073  K,  respectively.  The  stack  operated 
stably  for  almost  700  h. 
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1.  Introduction 

A  power  generation  system  using  a  solid  oxide  fuel  cell  (SOFC)  is 
a  promising  next  generation  power  source  [1-3],  since  it  provides 
high  electrical  conversion  efficiency  exceeding  50%.  We  have  been 
developing  an  SOFC  system  for  use  in  our  communication  bases, 
where  electricity  is  more  important  than  heat  as  an  energy  source. 
The  key  to  establishing  a  highly  efficient  fuel  cell  system  is  the  per¬ 
formances  of  fuel  cells  and  cell  stack  that  uses  them.  Therefore,  we 
have  been  focusing  on  their  development. 

We  have  already  developed  an  SOFC  that  provides  a  very 
high  power  density  [4,5].  We  chose  an  anode-supported  structure 
because  it  allows  the  use  of  a  thin  electrolyte,  which  provides  a 
low  electrical  resistance.  A  cermet  consisting  of  nickel  oxide  and 
scandia-alumina  stabilized  zirconia  (SASZ)  is  used  for  the  anode, 
which  has  a  double-layer  structure  [5].  For  the  electrolyte,  we 
use  SASZ  because  of  its  high  ionic  conductivity.  Furthermore,  lan¬ 
thanum  nickel  ferrite  (LNF),  which  has  a  high  electrical  conductivity 
and  is  resistant  to  chromium  poisoning,  is  used  as  the  cathode 
material  [6-9]. 

We  have  also  developed  a  highly  efficient  and  durable  SOFC  stack 
with  an  internal  manifold  structure  by  using  our  anode-supported 
cells  [10,11  ].The  stack,  which  was  composed  of  25  anode-supported 
100-mm-diameter  SOFCs,  provided  an  output  of 350  W  and  an  elec¬ 
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trical  conversion  efficiency  of  56%  (based  on  the  lower  heating 
value  (LHV)  of  methane,  which  was  used  as  a  fuel).  The  output  and 
efficiency  were  maintained  for  over  1100  h.  The  efficiency  and  dura¬ 
bility  of  the  stack  were  acceptable.  We  plan  to  use  this  cell  stacking 
technology  as  a  basis  for  providing  a  larger  output  of,  for  example, 
1  kW. 

To  achieve  a  larger  stack  output,  it  is  effective  to  increase  the 
number  of  cells  in  a  stack.  However,  as  the  cell  number  increases, 
errors  related  to  the  position  and  angle  of  the  stack  parts  accumu¬ 
late  and  thus  it  becomes  difficult  to  arrange  the  stack  parts  properly. 
In  addition,  it  is  important  to  enlarge  the  cell  size  for  a  larger  stack 
output.  We  have  been  trying  to  increase  the  cell  diameter  [5]. 

This  paper  reports  the  development  process  of  a  1  kW  class 
SOFC  stack,  together  with  advanced  cell  stacking  technology.  Fur¬ 
thermore,  it  describes  the  characteristics  of  the  1  kW  class  stack  in 
detail. 

2.  Development  strategy 

The  basic  configuration  of  a  1  kW  class  stack  is  the  same  as  that 
of  a  350  W  class  stack,  which  is  composed  of  25  cells  (100-mm- 
diameter)  [10,11].  The  stacks  are  constructed  by  combining  many 
power  generation  units,  each  of  which  is  largely  composed  of  1 
anode-supported  cell  and  5  metal  plates  as  shown  in  Fig.  1.  The 
stack  has  one  fuel  feed  manifold,  one  air  feed  manifold,  and  two 
fuel  exhaust  manifolds.  The  gas  manifolds  have  strong  effect  on  the 
gas  distribution,  which  affects  deviation  of  the  voltage  from  cell  to 
cell  [12].  The  diameter  of  the  gas  manifolds  has  to  be  large  enough 
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to  achieve  the  uniform  gas  distribution  [  11  ].  The  gas  manifolds  were 
designed  by  using  the  three-dimensional  thermo-fluid  simulator, 
FLUENT  [13],  so  that  the  fluctuation  in  the  flow  rates  of  fuel  and  air 
for  each  cell  was  less  than  1%.  The  metal  plates  were  1.0-mm  thick. 
The  plates  were  made  of  corrosion  resistant  ferritic  stainless  steel. 

To  achieve  an  output  exceeding  1  kW,  we  planned  to  increase 
the  number  of  cells  in  a  stack  from  25  to  50,  and  the  cell  diameter 
from  100  to  120  mm.  We  estimate  that  doubling  the  number  of  cells 
in  a  stack  doubles  the  stack  output.  Furthermore,  the  output  of  each 
cell  can  be  increased  by  about  1.5  times  as  a  result  of  this  increase  in 
cell  size.  The  detailed  geometries  of  both  cell  sizes  are  summarized 
in  Table  1 .  In  this  paper,  we  refer  to  cells  with  diameters  of  100  and 
120  mm  as  0100  and  0120  mm  cells,  respectively. 

We  established  an  advanced  cell  stacking  technology  to  obtain 
a  stack  with  as  many  as  50  cells.  We  installed  two  intermediate 
plates,  both  of  which  were  2.5-mm  thick  metal  plates,  every  10 
power  generation  units  as  shown  in  Fig.  2.  The  intermediate  plates 
had  four  gas  manifolds  like  the  power  generation  units.  In  addition, 
the  horizontal  configuration  of  the  intermediate  plates  was  as  the 
same  as  that  of  the  power  generation  units.  This  stack  is  a  50-cell 
stack  composed  of  the  0120  mm  cells,  which  is  referred  to  as  a  1  kW 
class  stack.  The  intermediate  plates  were  installed  similarly  in  a  50- 
cell  stack  composed  of  the  0100  mm  cells.  The  intermediate  plates 
exhibited  negligible  deformation  compared  with  the  metal  plates 
used  to  construct  the  power  generation  units.  The  cumulative  error 
with  respect  to  the  position  and  angle  of  the  stack  parts  is  cancelled 
out  every  10  power  generation  units  by  the  intermediate  plates.  By 
this,  it  is  expected  that  all  stack  parts  are  arranged  properly  and 
thus  the  stacks  operate  well.  Here,  the  intermediate  plates  were 
made  of  the  same  corrosion  resistant  ferritic  stainless  steel  as  that 
used  for  the  metal  plates  in  the  power  generation  units. 

We  increased  the  size  of  the  metal  plates  used  for  the  power 
generation  unit  from  140  mm  x  140  mm  to  168  mm  x  168  mm  to 
allow  the  use  of  0120  mm  cells.  Here,  the  thickness  of  the  plates 
was  kept  at  1.0  mm.  We  compared  the  performance  of  single  0100 
and  0120  mm  cells. 


Intermediate 

plates 


Fig.  2.  50-Cell  stack  with  intermediate  plates  using  0120  mm  cells  (lkW  class 
stack). 

We  constructed  50-cell  stacks  with  and  without  intermediate 
plates  by  using  the  0100  mm  cells  and  a  50-cell  stack  with  inter¬ 
mediate  plates  using  the  0120  mm  cells,  and  we  investigated  their 
performance. 

3.  Experiment 

The  configuration  of  the  evaluation  system  is  shown  in  Fig.  3. 
Hydrogen  and/or  methane  was  used  as  fuel  and  dry  air  was  used  as 
an  oxidant.  When  methane  was  used,  it  was  reformed  in  a  steam 


Electric  furnace 


Table  1 

Diameter  of  anode,  electrolyte,  and  cathode  and  active  electrode  area 


0100  mm  cell 

0120  mm  cell 

Anode 

Electrolyte 

Cathode 

Active  electrode  area 

Anode 

Electrolyte 

Cathode 

Active  electrode  area 

100  mm 

100  mm 

88  mm 

60  cm2 

120  mm 

120  mm 

110  mm 

95  cm2 

86 
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Table  2 

Composition  of  reformed  gas  analyzed  by  gas  chromatography  (dry  base) 


Gas 

Composition  (%) 

h2 

77 

CO 

14 

co2 

9 

ch4 

_a 

a  Methane  was  below  gas  chromatography  detection  limit. 

Table  3 

Furnace  temperatures 

Electric  furnace  for  SOFC  stack 

Electric  furnace  for  steam  reformer 

Top  Middle  Bottom 

Inlet  Middle  Outlet 

1073  K  1073  K  1073  K 

923  K  1023  K  973  K 

reformer  and  the  reformed  gas  was  fed  to  the  stack.  The  steam 
needed  for  the  steam  reforming  was  generated  in  a  vaporizer.  The 
water  flow  rate  was  determined  so  that  the  steam  to  carbon  ratio 
was  3.0.  Table  2  shows  the  composition  of  the  reformed  gas,  which 
we  analyzed  using  gas  chromatography  (GC).  Here,  the  water  con¬ 
tent  was  excluded.  The  methane  was  below  the  GC  detection  limit, 
which  means  that  it  was  almost  completely  converted.  The  stack 
and  steam  reformer  were  installed  in  different  electric  furnaces 
both  of  which  had  three  zones.  Table  3  lists  the  temperature  set¬ 
tings.  A  force  was  applied  to  the  stacks  by  using  metal  bellows. 
Power  generation  tests  were  carried  out  after  the  anodes  of  the  cells 
had  been  reduced  by  the  hydrogen.  The  amount  of  current  was  con¬ 
trolled  by  using  external  electronic  load  equipment.  Exhaust  fuel 
from  the  stack  was  fed  to  a  condenser  to  separate  the  water.  The 
exhaust  air  from  the  stack  was  discharged  into  the  atmosphere  via 
a  joint  gap  in  the  electric  furnace. 

When  the  cell  voltage  and  power  density  were  measured  as  a 
function  of  current  density,  the  gas  feed  condition  was  set  as  shown 
in  Table  4.  When  we  investigated  the  effect  of  fuel  utilization  on 
stack  performance,  we  varied  the  fuel  flow  rate  while  keeping  the 
current  density  and  air-flow  rate  constant. 

4.  Results  and  discussion 

4.1.  Establishment  of  advanced  cell  stacking  technology 

Fig.  4  shows  the  relationships  between  average  cell  voltage  and 
current  density  in  50-cell  stacks  with  and  without  intermediate 
plates.  Here,  0100  mm  cells  are  used  in  the  50-cell  stacks.  For  com¬ 
parison,  the  figure  also  shows  the  relationship  between  voltage  and 
current  density  in  a  single  0100  mm  cell.  Hydrogen  was  used  as  the 
fuel  for  these  measurements.  The  fuel  and  oxygen  utilization  was 
60%  and  1 5%,  respectively,  when  the  current  density  was  0.3  A  cm-2 . 
The  average  cell  voltages  of  both  50-cell  stacks  and  the  single  cell 
voltage  were  almost  the  same  at  any  current  density,  which  means 
that  the  initial  stack  performance  was  acceptable  for  both  50-cell 
stacks.  Temporal  changes  in  the  average  cell  voltage  in  both  50-cell 
stacks  are  shown  in  Fig.  5.  The  average  cell  voltage  for  the  50-cell 
stack  without  intermediate  plates  fell  immediately.  By  contrast,  the 
average  cell  voltage  for  the  50-cell  stack  with  intermediate  plates 
was  maintained  for  the  first  20  h.  Furthermore,  the  50-cell  stack 
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Fig.  4.  Relationships  between  average  cell  voltage  and  current  density  in  50-cell 
stacks  with  and  without  intermediate  plates  and  relationship  between  voltage  and 
current  density  in  single  cell  (cells:  0100  mm). 


with  intermediate  plates  operated  stably  for  about  1200  h  after  this 
time  period  (not  shown).  These  results  suggest  that  the  intermedi¬ 
ate  plates  are  effective  as  regards  canceling  out  the  cumulative  error 
in  the  stack  parts  and  arranging  them  properly,  and  thus  stabilizing 
the  stack  condition  and  performance.  This  shows  that  successful  50- 
cell  stacking  was  achieved  by  using  the  intermediate  plates.  Fig.  6 
shows  the  individual  cell  voltages  in  a  50-cell  stack  with  intermedi¬ 
ate  plates  at  the  initial  stage  of  the  power  generation  test  at  a  current 
density  of  0.3  A  cm-2.  The  cells  are  numbered  from  the  bottom.  The 
deviation  of  the  cell  voltage  8 ,  which  was  defined  as  follows: 


8  =  Max  |V|’ .  x  100  (1) 

l<i<50  V 

was  less  than  5%  for  the  50-cell  stack.  Here,  is  the  cell  voltage  and 
V  is  the  average  cell  voltage. 
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Fig.  5.  Temporal  changes  in  average  cell  voltage  in  50-cell  stacks  with  and  without 
intermediate  plates  (cells:  0100  mm). 


Table  4 

Gas  feed  condition  for  cell  voltage  and  power  density  measurement  as  function  of  current  density 


Hydrogen  flow  rate  for  each  cell  (ml  min-1 ) 

Methane  flow  rate  for  each  cell  (ml  min-1 ) 

Air  flow  rate  for  each  cell  (1  min-1 ) 

Stack  with  0100  mm  cell 

Stack  with  0120  mm  cell 

Stack  with  0100  mm  cell 

Stack  with  0120  mm  cell 

Stack  with  0100  mm  cell 

Stack  with  0120  mm  cell 

210 

315 

53 

79 

2 

3 

M.  Yokoo  et  al.  /  Journal  of  Power  Sources  184  (2008)  84-89 


87 


1.2 


1.0 

> 

<L> 

f  0.8 

O 
> 

1  0.6 

a 
-o 

>  0.4 

•6 
j= 

0.2 

0.0 

0  10  20  30  40  50 

Cell  number 

Fig.  6.  Individual  cell  voltages  in  50-cell  stack  with  intermediate  plates  at  initial 
stage  of  power  generation  test  (cells:  0100  mm). 
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single  cell  (cells:  0120  mm,  50-cell  stack  using  0120  mm  cells:  1  kW  class  stack). 


4.2.  Increased  cell  diameter 

The  relationships  between  voltage  and  current  density  in  single 
0100  and  0120  mm  cells  were  almost  the  same,  as  shown  in  Fig.  7. 
Here,  we  used  hydrogen  as  the  fuel.  Fuel  utilization  was  60%  for 
the  single  0100  mm  cell  when  the  current  density  was  0.3  A  cm-2 
and  it  was  60%  for  the  single  0120  mm  cell  when  the  current  den¬ 
sity  was  0.28  A  cm-2.  This  means  the  fuel  utilization  at  the  same 
current  density  was  approximately  the  same  in  these  two  exper¬ 
iments.  Therefore,  we  can  conclude  that  both  single  cells  provide 
almost  the  same  performance. 

4.3.  Performance  of  I  kW  class  SOFC  stack 

Fig.  8  shows  the  relationship  between  average  cell  voltage  and 
current  density  in  the  1  kW  class  stack,  which  is  shown  in  Fig.  2.  For 
comparison,  the  figure  also  shows  the  relationship  between  volt¬ 
age  and  current  density  in  a  single  0120  mm  cell.  Here,  the  fuel 
was  hydrogen.  The  fuel  and  oxygen  utilization  was  60%  and  15%, 
respectively,  when  the  current  density  was  0.28  A  cm-2.  The  per¬ 
formance  of  the  single  cell  and  50-cell  stack  was  almost  identical. 
The  difference  between  the  voltage  of  the  single  cell  and  the  aver¬ 
age  cell  voltage  of  the  50-cell  stack  was  2  mV,  when  the  current 


density  was  0.28  A  cm-2.  In  addition,  the  1  kW  class  stack  provided 
a  stack  output  of  1170  W  when  the  current  density  was  0.28  A  cm-2. 
Furthermore,  the  average  cell  voltage  for  the  1  kW  class  stack  was 
maintained  for  the  first  90  h,  as  shown  in  Fig.  9.  From  these  results,  it 
can  be  estimated  that  all  the  stack  parts  in  the  1  kW  class  stack  were 
properly  placed  and  functioned  well.  The  individual  cell  voltages  in 
the  1  kW  class  stack  at  the  initial  stage  of  the  power  generation  test 
at  a  current  density  of  0.28  A  cm-2  are  shown  in  Fig.  10.  There  was 
almost  no  fluctuation  in  the  cell  voltages  in  the  stack.  The  deviation 
of  the  cell  voltage  8,  which  was  defined  by  Eq.  (1 ),  was  less  than  1%. 

The  average  cell  voltage  and  power  density  as  a  function  of  cur¬ 
rent  density  in  the  1  kW  class  stack  are  shown  in  Fig.  11.  Here, 
methane  reformed  gas  was  fed  to  the  stack.  The  fuel  and  oxy¬ 
gen  utilization  was  60%  and  15%,  respectively,  when  the  current 
density  was  0.28  A  cm-2.  A  stack  output  of  1130  W  (power  den¬ 
sity:  0.24 W cm-2)  was  achieved  when  the  current  density  was 
0.28  A  cm-2.  The  effect  of  fuel  utilization  was  investigated  in  the 
1  kW  class  stack  by  changing  the  fuel  flow  rate,  while  the  current 
density  and  the  oxygen  utilization  were  kept  constant.  The  stack 
output  decreased  with  fuel  utilization  as  shown  in  Fig.  12.  This 
is  because  the  stack  voltage  decreased  with  fuel  utilization  since 
the  molar  fraction  of  steam  increased  with  the  fuel  utilization  on 
the  anode  side.  By  contrast,  the  electrical  efficiency  at  gross  dc, 
which  was  calculated  by  using  the  LHV  of  the  methane,  increased 
with  fuel  utilization  as  shown  in  Fig.  12.  Although  the  stack  volt- 
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Fig.  7.  Relationships  between  voltage  and  current  density  in  single  0100  and 
0120  mm  cells. 
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Fig.  9.  Temporal  change  in  average  cell  voltage  in  1  kW  class  stack. 
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Fig.  10.  Individual  cell  voltages  in  1  kW  class  stack  at  initial  stage  of  power  genera-  FiS- 13  Temporal  change  in  electrical  efficiency  at  gross  dc  (LHV)  in  1  kW  class  stack, 
tion  test. 


age  decreased  with  fuel  utilization,  the  decrement  in  the  amount 
of  unused  fuel  led  to  greater  electrical  efficiency.  The  stack  output 
and  electrical  efficiency  were  1120  W  and  54%,  respectively,  when 
the  fuel  utilization  was  67%. 

The  temporal  change  in  the  electrical  efficiency  in  the  1  kW  class 
stack  is  shown  in  Fig.  13.  The  current  density,  fuel  utilization,  and 
oxygen  utilization  were  kept  at  0.28  A  cm-2,  67%,  and  15%,  respec¬ 
tively.  For  the  first  350  h,  there  was  almost  no  time  degradation. 
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Fig.  11.  Average  cell  voltage  and  power  density  as  a  function  of  current  density  in 
1  kW  class  stack. 
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Fig.  12.  Electrical  efficiency  at  gross  dc  (LHV)  and  stack  output  as  a  function  of  fuel 
utilization  in  1  kW  class  stack. 


Table  5 

Summary  of  1  kW  class  stack  performance 

Stack  output  (W)  1120 

Efficiency  (%)  54 

Stable  operating  time  (h)  700 


However,  the  electrical  efficiency  subsequently  decreased  rapidly 
by  about  0.2%.  This  is  because  the  fuel  (methane  reformed  gas) 
flow  rate  was  reduced  by  half  for  about  10  min  owing  to  mechan¬ 
ical  trouble  with  the  evaluation  system.  We  consider  that  some 
cells  in  the  stack  were  partially  re-oxidized  and  their  performance 
degraded  slightly.  However,  stable  stack  operation  was  maintained 
after  the  trouble.  As  a  result,  the  stack  operated  stably  for  about 
700  h.  In  the  1  kW  class  stack,  no  efficiency  drop  of  greater  than 
0.1%  was  observed  except  for  that  caused  by  the  problem  with 
the  system.  The  1  kW  class  stack  performance  is  summarized  in 
Table  5. 


5.  Conclusion 

We  developed  a  1  kW  class  SOFC  stack  composed  of  50  anode- 
supported  planar  120-mm-diameter  SOFCs.  We  used  intermediate 
plates  to  establish  an  advanced  cell  stacking  technology  that  allows 
us  to  stack  50  cells.  The  cumulative  error  with  respect  to  the  posi¬ 
tion  and  angle  of  stack  parts  was  cancelled  out  by  the  intermediate 
plates.  The  1  kW  class  stack  provided  an  electrical  conversion  effi¬ 
ciency  of  54%  (based  on  the  LHV  of  methane,  which  was  used  as 
a  fuel)  and  an  output  of  1120  W  when  the  fuel  utilization,  cur¬ 
rent  density,  and  operating  temperature  were  67%,  0.28  A  cm-2 ,  and 
1073  K,  respectively.  The  stack  operated  stably  for  almost  700  h.  No 
efficiency  reduction  of  greater  than  0.1%  was  observed  except  for 
that  caused  by  system  trouble. 
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